Left ventricular function
Ventricular volurr T1-HE hemodynamic alterations in patients with an isolated ventricular septal defect or a patent ductus arteriosus are determined primarily by two independent factors: (1) the dynamic size of the defect and (2) the ratio of pulmonary-to-systemic vascular resistance. These two variables determine the resistance to left ventricular ejection through the defect, and thus, the degree of left-to-right shunt and pulmonary blood flow. Children with these defects present with clinical evidence of varying degrees of left cardiac dilatation and hypertrophy in association with an increase in pulmonary flow. The magnitude of these changes in the characteristics of left heart volume resulting from ventricular septal defect (VSD) compared to patent ductus arteriosus (PDA) has not been investigated in children.
This study was conducted (1) to describe quantitatively the characteristic features of left ventricular and left atrial volumes of infants and children with either isolated ventricular septal defect or patent ductus, (2) to evaluate how such characteristics differ from normal, and (3) to determine whether there are distinguishable variations in the left heart response to a left-to-right shunt at the ventricular versus aortic level.
Methods

Patient Groups
Eighty-three patients with an isolated VSD or PDA were studied. Included in the group were 27 infants (less than 2 years old) and 56 older children. All of the infants had large left-to-right shunts (more than 50% of pulmonary blood flow) and were on digitalis therapy for a recent or past episode of congestive heart failure. Fourteen patients had isolated VSD, and 13 had isolated PDA. The older children were divided according to the degree of left-to-right shunt into three groups with mild shunts (less than 35%), moderate shunts (35 to 50%), and large shunts (more than 50% of pulmonary blood flow). This age group included 44 children with ventricular septal defect and 12 patients with patent ductus.
Excluded from the study were patients with (1) a systolic pressure gradient from right ventricle to pulmonary artery greater than 30 mm Hg, (2) pulmonary vascular resistance (PVR) more than 6 LEFT HEART VOLUME CHARACTERISTICS Left ventricular volume mass ratio in infants with VSD and PDA with large shunts was greater than normal (P <0.01). In older children with either VSD or PDA and a large shunt, this ratio was not different from normal (tables 1 and 2) .
The left ventricular end-diastolic pressure (LVEDP) was not different from normal in all VSD and PDA patients with shunts less than 50%. In contrast, the LVEDP was significantly increased (P <0.001) in infants and children (tables 1 and 2) with large shunt patent ductus to greater than 1.5 times normal (tables 1 and 2) .
The left ventricular end-diastolic stress in patients with a VSD and large shunt was not significantly different from normal (tables 1 and 2). In patients with a PDA and similar shunts, LV end-diastolic stress was significantly higher than that found in either normals (P <0.05 or VSD patients (P <0.02).
Left atrial maximal volume (LA max) was increased in all VSD and PDA patients with shunts greater than 35% (fig. 5 ). This variable was not different in the infant age group from that in older children when normalized for BSA (tables 1 and 2). The LA maximal volume showed a significant increase (P < 0.001) with increasing left-to-right shunt and increasing LV systolic index in both VSD and PDA patients. Discussion In the present study, the left ventricular end-diastolic volume and the left atrial maximal volume were increased in all patients with VSD and PDA and left-to-right shunts greater than 35%. This finding suggests a close relationship of LV end-diastolic volume and LA maximal volume with pulmonary blood flow in patients with either an aortic or ventricular shunt.
Levin and co-workers8 demonstrated the presence of left-to-right shunting across isolated ventricular septal defects in diastole, within the "isovolumic-contraction" period, and during the aortic ejection period. Mesel9 also found left-to-right shunting in these phases of the cardiac cycle by using electromagnetic flowmeter measurements The left ventricular ejection fraction was abnormally low in infants with large shunts due to VSD or PDA. The average LV ejection fraction in these infants was 0.64, a value which is normal when compared to that of normal older children with hearts of similar size. Thus, this value is decreased from normal only in comparison with that of normal infants who have small normalized end-diastolic volumes and high ejection fractions.1
The increase in left ventricular muscle mass with increasing magnitude of the left-to-right shunt and LV systolic index indicates that volume overload on the left ventricle stimulates muscular hypertrophy. In infants with VSD or PDA, the LV mass was almost twice normal. These findings emphasize the considerable myocardial hypertrophy which young infants can develop as a compensatory mechanism to a ventricular or aortic left-to-right shunt. Although LV mass was increased, the volume-to-mass ratio was above normal (P < 0.001) in infants with either VSD or PDA; this observation indicates a greater volume than mass response to these lesions. The early onset of heart failure in these infants may be partly related to inability to increase left heart mass rapidly enough to compensate for the large left-to-right shunt present at this age.
In this present study the LV mass per BSA normalized for degree of shunt was significantly increased in older children with PDA and shunts of more than 35% over that of VSD patients (table 3) . This increase could be related to differences in pressure-volume loop in the two groups.10 These differences are: (1) a decrease in the LV volume during the isovolumic-contraction period in patients with VSD and a stable volume during this interval in patients with PDA, and (2) a lower peak LV systolic pressure in patients with VSD than in patients with PDA with large left-to-right shunts. These factors result in greater stroke work in PDA patients than in VSD patients for equal shunts.
This study also emphasizes many similarities in left heart volume parameters in VSD and PDA patients with equivalent left-to-right shunts. The major differences between the two groups of patients were: (1) the higher LV end-diastolic pressure in PDA patients versus VSD patients, (2) elevated LV end-diastolic stress in PDA patients versus VSD patients with large shunts, and (3) the elevated LV mass/BSA and LV wall thickness/BSA normalized for shunt in children with PDA versus children with VSD and shunt> 35%. Findings 1 and 2 mentioned above parallel the results of Spann and co-workers" who observed a much greater increase in LVEDP in dogs with acutely produced equivalent aortic versus ventricular shunts. The elevated left ventricular end-diastolic pressure in patients with PDA over that of patients with VSD when shunts were equivalent suggests a decrease in LV distensibility in the group with PDA. One factor contributing to this altered distensibility may be the difference in resistance to LV ejection between the two groups. In patients with ventricular shunt, ejection begins during isovolumic contraction and thus the ventricle can begin unloading early in the cardiac cycle and continue to eject the shunted blood into the pulmonary circuit proximal to the aortic valve. In contrast, in PDA patients this unloading does not begin until the opening of the aortic valve with ejection of the total stroke volume into the aorta; by this means a slightly higher than normal systemic pressure is created. Thus the area underneath a tension-time curve is somewhat greater in patients with PDA than in patients with VSD who have similar shunts.10 Such a discrepancy in total developed-tension could be postulated to play a role in the altered LV distensibility and the increased norrnalized LV mass/shunt value in patients with an aortic versus ventricular shunt.
